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γ-CoV2O6 is a quasi one-dimensional spin-
3
2
magnet that possesses two distinct magnetic orders
in the ground state with modulation vectors k1 = (
1
2
, 0, 0) and k2 = (
1
4
, 0, - 1
4
), respectively. Here,
we use muon spin relaxation and rotation to reveal the thermodynamics of the magnetic phase
separation in this compound. In the paramagnetic (PM) region, short-range correlated spin clusters
emerge at Tm ' 26 K at the partial expense of the PM volume. Upon further cooling, we show
that these emergent clusters become spatially coherent at TN2 = 7.5 K and eventually form the
k2 order at T
? = 5.6 K, while the remaining PM spins are driven into the k1 state at TN1 = 6.6
K. These results stress magnetic microphase inhomogeneity as a thermodynamic precursor for the
ground state phase separation in weakly coupled spin- 3
2
chains.
I. INTRODUCTION
Quasi one-dimensional (1D) magnets form a fertile
ground to explore magnetism in low dimensions [1, 2].
Typically, materials of this class develop short-range
1D spin-spin correlations, the nature of which is deter-
mined by the strength of the coupling along the chain,
at elevated temperatures. The coupling between the
neighbouring chains, despite being significantly weaker
than the intrachain coupling, will give rise to three-
dimensional (3D) coherence when it becomes energeti-
cally relevant, upon further cooling. Recently, the ex-
otic states of matter caused by this 1D-3D dimensional
crossover have been extensively exploited in both quan-
tum (S = 1/2) [3–5] and classical (S > 1/2) [6] spin
systems.
The frustrated quantum many-body interactions in
correlated-electron systems can lead to spatially inhomo-
geneous electronic or magnetic states [7, 8]. In quasi
1D magnets, magnetic phase separation is often dynamic
[9, 10] or appears in the critical region of a first-order
transition [11, 12] and therefore regarded as metastable.
Static phase separation in the long-range ordered mag-
netic ground state, on the other hand, is much rarer [13].
Moreover, thermodynamic information about the phase
separation, which is essential to extracting the funda-
mental physics in relevant systems [7, 8], has not been
understood in any quasi 1D case so far.
The triclinic cobaltate compound γ-CoV2O6 (γCVO)
has weakly coupled zigzag chains of Co running along the
b axis; each chain is composed of two crystallographically
inequivalent Co2+ (S = 32 ) cations, Co (1) and Co (2), in
a ratio of 1 : 2 [13, 14]. In the ground state, our neutron
powder diffraction (NPD) study showed that γCVO pos-
sesses two spatially separated magnetic order modulated
by k1 = (
1
2 , 0, 0) and k2 = (
1
4 , 0, -
1
4 ), respectively [13, 15].
As the temperature increases, the k2 phase undergoes a
commensurate-incommensurate transition at T ? = 5.6 K,
accompanied by the loss of the long-range spin correla-
tions [13]. The k1 phase disappears at TN1 = 6.6 K, while
the Ne´el temperature of the k2 phase (TN2) could not be
unambiguously determined by NPD [13]. This is due to
the prevailing magnetic diffuse scattering that emerges
around the k2 modulated Bragg positions above T
? and
remains observable up to at least 25 K [13]. In the same
region, another investigation, using magnetometry and
inelastic neutron scattering (INS), has revealed strong
ferromagnetic (FM) fluctuations in this compound [16].
In a muon spin relaxation and rotation (µSR) experi-
ment, 100 % spin-polarized positive muons are implanted
inside the sample and stop rapidly at the interstitial sites.
The muons decay with a mean lifetime of τµ = 2.2 µs,
emitting positrons that are asymmetrically distributed in
the forward and backward directions of the initial muon
spin. This asymmetry can be used to determine the time
evolution of the muon polarization, which is an extremely
sensitive probe of the local magnetic environment [17, 18]
and ideally suited for the study of magnetic phase sepa-
ration [19–21].
In this work, we present a detailed µSR investiga-
tion on γCVO. Upon cooling, the spatially homogeneous
paramagnetic (PM) fluctuations break down (partially)
at Tm ' 26 K, as evidenced by the detection of two muon
stopping environments that can be associated with the
formation of local spin clusters. While the muon relax-
ation rate probing these emergent magnetic microphases
diverges at 7.5 K, the one probing the PM volume does
not diverge until the onset of the k1 phase at TN1 = 6.6
K, indicating a second magnetic phase transition at 7.5
K (TN2). By analyzing the temperature dependence of
the µSR spectrum, we show that the transition at TN2
is intimately linked to the k2 phase. These results un-
veil a nontrivial thermodynamic pathway to the ground
state magnetic phase separation in weakly coupled spin-32
chains.
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2II. EXPERIMENTAL METHODS
Powders of γCVO were synthesized by the solid-state
reaction method. A stoichiometric mixture of V2O5 (4N)
and CoC2O4 · 2H2O (4N) were homogeneously ground in
an agate mortar, pressed into pellets and annealed at
640◦C for 6 days. X-ray powder diffraction measure-
ments were performed using a STOE STADI MP diffrac-
tometer (Cu Kα1, λ = 1.5406 A˚) to confirm the crystal-
lographic structure of our sample at room temperature.
A tiny amount of impurity phase, identified as Co2V2O7
[22], could be resolved in our Rietveld refinement (see
Appendix A); its volume fraction (< 0.5 %) is well below
the µSR sensitivity threshold. The magnetic susceptibil-
ity measurements were performed in a Quantum Design
MPMS3 Superconducting Quantum Interference Device
(SQUID) magnetometer. µSR measurements were car-
ried out on the MuSR instrument at the ISIS pulsed
muon and neutron spallation source. Seven cylindrical
pellets (∼ 10 mm in diameter and 1 mm in height) of
γCVO were mounted next to each other on a silver holder
and placed in a helium cryostat with a base temperature
about 1.5 K.
III. µSR DATA MODELLING
The zero-field (ZF) µSR spectra collected above and
below TN1 have been fitted by
AT>TN1ZF (t) = APMe
−(λPMt)β +AEe−λEt +ANM (1)
and
AT≤TN1ZF (t) = A1e
−λ1tcos(2pif1t + Φ1) + A2e−λ2t
+A3e
−λ3t +ANM.
(2)
In Eq. 1, for T > TN1, the first term describes the
muons stopping in a homogeneous paramagnetic environ-
ment, where the exponent β reflects the form of magnetic
field distribution therein [20]. The second term is only
FIG. 1. Selected ZF µSR spectra (a) below and (b) above
TN1. The solid lines are fits using Eqs. 1 & 2. In panel (b)
the shift from a Gaussian-like to Lorentzian magnetic field
distribution on cooling can be seen clearly.
resolvable for T ≤ Tm ' 26 K; it is introduced to capture
the magnetic fluctuations in the emergent spin clusters
reported in Refs. 13 and 16.
In Eq. 2, for T ≤ TN1, the first two terms describe
the coherent and incoherent muon precession about the
large transverse quasistatic field generated by the mag-
netic long range order in the k1 phase [19, 20, 23]. The
third term, to be discussed below, describes the mag-
netic fluctuations in the k2 phase. In the modelling using
Eq. 2, the phase Φ1 is related to the offset between the
implanted muons and detector [17, 20], it has been fixed
to a constant value of 5.10 degrees.
The ANM term in both equations comes from the non-
magnetic (NM) muon stopping sites, including those in
the silver holder and sample. All the fits were performed
on the data collected between 0.14 µs and 12.0 µs. As
shown in Figure 1, Eqs. 1 & 2 reproduce the µSR spectra
at the corresponding temperatures well.
IV. RESULTS
FIG. 2. Temperature dependences (T > Tm ' 26 K) of (left
axis) the exponent β in Eq. 1 and (right axis) the relaxation
rate of muons stopping in a paramagnetic environment.
We first discuss the muon relaxation above Tm. In this
region, we cannot resolve a finite AE value, pointing to
a magnetically homogeneous state. This also indicates
that the first term in Eq. 1 accounts for the whole γCVO
sample, the volume of which is therefore proportional to
the initial asymmetry APM [17]. APM is found to be
temperature independent and equal to 0.2224(3). More-
over, ANM = 0.0420(3) also does not vary in temperature
within the errors; this constant amounts to the asymme-
try of the silver holder probed by the muons. The tem-
perature dependences of β and λPM above Tm are shown
in Fig. 2. At 100 K, the highest temperature measured in
our study, β is 1.59(1) and shows no sign of saturation.
As the temperature decreases, β is suppressed, reaching
1.043(7) at 31 K. This observation can be explained by
a change in the nature of the dynamics probed by the
3FIG. 3. Temperature dependences of the (a) quasi static mag-
netic field asymmetry, (b) paramagnetic asymmetry, (c) oscil-
lation frequency and (d) paramagnetic relaxation rate. These
parameters are defined by the Eqs. 1 & 2 in the main text.
The red and blue vertical solid lines mark the positions of
TN1 and TN2. The orange horizontal dash-dot line in (b) is
the total sample volume. The magenta vertical dash-dot line
in (c) is guidance to eye.
muons while cooling. Moreover, since β = 2.0 means a
random magnetic field distribution, the shift towards β
= 1.0 may also suggest the build-up of the Ising-like mag-
netic anisotropy along the effectively isolated spin chains
in this material [13, 24]. This fits with the magnetic sus-
ceptibility of our sample, which reveals deviation from
the Curie-Weiss description of a completely disordered
spin system well above Tm (∼ 250 K, see Fig. 8b in
Appendix C). λPM gradually increases upon cooling; it
agrees with the typical behaviour of muons stopping in a
paramagnetic environment and will be revisited in more
detail later.
The exponent β reaches 1.0 at Tm ' 26 K and stops
decreasing upon further cooling within our resolution.
This implies that there is no distribution of relaxation
times or couplings below Tm in the paramagnetic vol-
ume [17]. Therefore, we have fixed β at 1.0 for T ≤
Tm. The PM asymmetry in the sample begins to de-
crease for T ≤ Tm due to the growth of the emergent
spin clusters described by the AE term in Eq. 1 (Fig.
3b & Fig. 4b). Because there is no magnetic long-range
order at these temperatures [13], our observations un-
ambiguously show the presence of magnetic microphase
separation in this material. The paramagnetic fluctua-
tion rate diverges while approaching 6.6 K, below which
a coherent oscillation is observed (Fig. 1a & Fig. 3c, d),
signifying a magnetic phase transition at this tempera-
ture. The effective volume of the phase responsible for
the coherent (incoherent) muon precession described by
the A1 (A2) terms in Eq. 2 is 69(3) % (see Appendix B).
This value is too large to be the k2 phase, which is a mi-
nority in the ground state [13]. As a result, we attribute
this coherent oscillation to the quasistatic magnetic field
generated in the majority k1 phase, the Ne´el temperature
of which (TN1) is exactly 6.6 K [13]. We also note that
the small value of A1 indicates that there is more than
one type of muon precession site associated with the k1
phase (Fig. 3a). Combining this with the fact that only
the muon relaxation rate describing the PM volume di-
verges at TN1 (Fig. 3c & Fig. 4c), we conclude that the
spins in the PM volume condense into the k1 state at TN1
= 6.6 K.
The temperature dependence of the muon relaxation
rate describing the emergent spin clusters (λE) is shown
in Fig. 4c. Unlike the paramagnetic spins, the magnetic
fluctuations generated by these short-range correlated
clusters diverge at a higher temperature: 7.5 K. Con-
comitantly, AE and ANM are suppressed (Fig. 4b & f).
These features suggest the existence of a second magnetic
phase transition at 7.5 K. The parameters describing
these clusters evolve smoothly while cooling below TN1.
This implies a loose coupling between them and the spins
FIG. 4. Temperature dependences of the (a) fluctuation vol-
ume described by the A3 term, (b) ferromagnetic cluster vol-
ume, (c) relaxation rate described by the A3 term (d) ferro-
magnetic cluster relaxation rate and (e-f) nonmagnetic vol-
ume. These parameters are defined by the Eqs. 1 & 2 in the
main text. The red, blue and orange solid lines mark the po-
sitions of TN1, TN2 and silver background asymmetry value,
respectively.
4in the k1 domain. ANM has a non-vanishing contribution
from the sample below Tm, which only drops to the sil-
ver background line, ANM (Ag) = 0.0420(3), at 5.6 K.
This strongly supports the argument that these emergent
clusters are intimately coupled to the k2 phase, which un-
dergoes an incommensurate-commensurate lock-in tran-
sition at T ? = 5.6 K [13]. Accordingly, the first suppres-
sion of ANM at 7.5 K, correlated with the divergence of
λE, marks the onset of the k2 phase. Additional support
for this comes from the magnetic susceptibility versus
temperature measurements, which show a broad peak
centered at 7.5 K in our sample (Fig. 8a in Appendix
C). All these can be explained by the prevailing local
FM clusters in the k2 volume [13, 16], the net moment of
which only get cancelled out below the Ne´el phase tran-
sition at 7.5 K. In other words, we have demonstrated
that the Ne´el temperature of the k2 phase is TN2 = 7.5
K.
We now discuss the muon relaxation process described
by the A3 term in Eq. 2 (Fig. 4a & c). First of all, it is
not related to the k1 phase, which has already been cap-
tured by the first two terms in Eq. 2. Moreover, its initial
asymmetry is too large to account for the domain walls
between the two phases. We therefore assign it to the
magnetic fluctuations in the k2 phase. The two magnetic
phase transitions in this compound complete around 4.6
K (see Fig. 3c and Ref. 13). Upon further cooling, we
see that a large portion of the sample volume accommo-
dating the A3 fluctuations becomes NM; this conversion
finishes around 2.8 K (Fig. 4a & e). The NM effective
volume in the sample at 1.8 K, after subtracting the sil-
ver holder contribution, is 13(2) %. This is close to half
of the estimated effective volume of the k2 phase, which
is 30(3) % (Appendix B). Looking at its magnetic struc-
ture, half of the spin chains are completely disordered in
the k2 ground state [13]. Notably, at the disordered spin
site, the four nearest neighbours, which are all magneti-
cally ordered, generate a compensated magnetic field. As
a result, we propose that the reentrant NM volume comes
from these disordered spins. The residual A3 term below
2.8 K (Fig. 4a), on the other hand, could come from the
weak short-range spin correlations that persist down to
at least 1.5 K, as revealed by NPD [13]. Accordingly,
the non-zero muon decay above 4.6 K is related to the
strong spin fluctuations in the transition region or the
incommensurate spin arrangement above T ?, which can
generate a non-compensated magnetic field at the muon
stopping sites. These results highlight the metastable
nature of the k2 phase in this compound at intermediate
temperatures, which only gets fully stabilized below 2.8
K.
V. DISCUSSION AND SUMMARY
With all the results presented above, we discuss the
microscopic picture of the magnetic phase separation in
γCVO. Although no magnetic order is formed above TN2,
this system does not fit the Curie-Weiss description be-
tween 100 K and Tm [16]. Because of the positive Weiss
temperature in our sample (∼ 14.5 K in our sample, see
Appendix C) [16], which is predominantly contributed
by the intrachain coupling, we believe that local spin-spin
correlations develop along the chains in this region. From
our µSR data, γCVO is magnetically homogeneous above
Tm (Fig. 2), meaning that the 1D FM clusters should
populate the entire sample volume. The magnetic mi-
crophase separation sets in when γCVO is cooled below
Tm. If we assume that the 1D character persists on cool-
ing, it may be that the effectively isolated spin chains be-
come magnetically inhomogeneous, with no correlations
between them, or in the ac plane. Another possibility is
that a local 1D-3D dimensional crossover occurs at Tm.
In this scenario, the magnetic inhomogeneities described
by the AE term in Eq. 1 are exclusively introduced by the
energetically relevant interchain coupling(s). Although
µSR is a local probe and therefore cannot directly distin-
guish these scenarios alone, the higher Ne´el temperature
for the spins in these emergent clusters (TN2) seems to
favor the second scenario from an energy point of view.
This interchain scenario can also explain the puzzle of
dominant magnetic diffuse scattering around the k2 mod-
ulated positions below Tm though it is a minority phase
in the ground state [13]. While the spins in the emergent
clusters (k2 domain) develop some coherence at TN2, the
true magnetic long-range order, together with its modu-
lation vector, is not stabilized until T ?. These features
turn out to be strongly correlated with the additional
NM muon stopping sites in the sample. As a result, this
NM environment must be responsible for the metastable
FIG. 5. The magnetic phase diagram of γCVO as a function
of temperature. C, IC, PM correspond to commensurate, in-
commensurate and paramagnetic, respectively. The term(s)
in Eq. 1 or 2 describing the corresponding phase is (are) also
displayed.
5k2 phase, i.e. its temperature dependent modulation vec-
tor and finite spin-spin correlation length [13], between
TN2 and T
?. Although the k2 magnetic phase transition
is completed around 4.6 K, strong magnetic fluctuations,
described by the A3 term in Eq. 2, can be observed
down to 2.8 K. This observation could explain the strong
low-energy excitations above 2.0 K observed by INS [16].
As for the k1 phase, it results from the non-vanishing
PM volume in the magnetic microphase separation state.
Since no interchain spin correlation exists in these do-
mains, this state is energetically less favored, correspond-
ing to a lower transition temperature TN1. Below TN1,
the spins in this phase behave like those in a conventional
magnet [17].
In summary, we have used µSR, which is an extremely
sensitive probe for local magnetic environment [17], to
follow the development and evolution of the spatially seg-
regate magnetic phases in γCVO as a function of temper-
ature. The obtained magnetic phase diagram, along with
the µSR term(s) describing the corresponding phase, is
displayed in Fig. 5. The key finding is the magnetic mi-
crophase inhomogeneities that emerge in the PM state
at Tm, which we then demonstrated to be a thermody-
namic precursor for the ground state phase separation in
this material. In the family of quasi 1D magnets, the
static and dynamic magnetic properties in the homoge-
neous state have been intensively studied [3, 5, 6, 25].
The physics of magnetic phase separation, however, are
not well understood in materials of this class and have
mostly been focused on materials with a higher effective
dimension, e.g. the two-dimensional Kagome´ or trian-
gular lattice [9, 10, 26] and three-dimensional perovskite
lattice [7]. Regardless of the dimension, one key compo-
nent shared by all these materials is the strong electron
correlation effect, which leads to a situation dominated
by frustrated quantum many-body interactions, in which
the system’s total free energy cannot be minimized by
optimizing the interaction energy between every pair of
spins or electrons. Our work has unveiled the thermody-
namic pathway to the phase separated magnetic ground
state in a quasi 1D magnet and therefore provides a con-
crete foundation for future theoretical and experimental
studies.
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Appendix A: ROOM-TEMPERATURE X-RAY
DIFFRACTION
High-resolution X-ray diffraction (XRD) measure-
ments on our sample were performed at room temper-
ature. The obtained pattern was refined using the Ri-
etveld method in the FullProf package [27]. As shown in
Figure 6, majority of the Bragg peaks belong to γCVO
with a volume fraction of 99.55(84) %; the refined lat-
tice parameters and atomic positions are listed in Table
I. These values are in broad agreement with the ones
reported in Ref. 13. In addition to γCVO, a very weak
impurity phase with a volume fraction of 0.45(18) %,
identified as Co2V2O7 [22], could also be resolved (Fig.
6).
FIG. 6. The XRD patterns of γCVO at room temperature.
The red solid dots are experimental observations. The black
lines are the calculated pattern (upper) and the difference
between the experimental and calculated data (bottom). The
blue vertical bars are the Bragg positions of γCVO (upper)
and Co2V2O7 (bottom). The dark yellow arrow marks one
weak Bragg reflection from the impurity Co2V2O7 phase.
TABLE I. The refined atomic positions of γCVO. The lat-
tice parameters are a = 7.1799(1) A˚, b = 8.8992(1) A˚, c =
4.81306(7) A˚, α = 90.2744(6)◦, β = 93.6732(5)◦ and γ =
102.1940(6)◦, respectively.
Atom x y z
Co (1) 0 0.5 0
Co (2) 0.0213(5) 0.1715(4) 0.0190(7)
O (1) 0.185(1) 0.503(1) 0.346(2)
O (2) 0.838(1) 0.627(1) 0.143(2)
O (3) 0.177(1) 0.711(1) 0.865(2)
O (4) 0.158(1) 0.031(1) 0.822(2)
O (5) 0.166(1) 0.880(1) 0.335(2)
O (6) 0.791(1) 0.791(1) 0.651(2)
O (7) 0.479(1) 0.942(1) 0.684(2)
O (8) 0.477(1) 0.571(1) 0.700(2)
O (9) 0.524(1) 0.753(1) 0.190(2)
V (1) 0.7178(5) 0.9690(5) 0.4614(8)
V (2) 0.7156(5) 0.6114(5) 0.4551(8)
V (3) 0.5936(6) 0.2592(6) 0.1208(7)
6FIG. 7. Temperature dependences of (a) λ1, (b) A2 and (c) λ2 in Eq. 2. The red solid circles are fits based on the additional
constraint presented in Section II. The red vertical line marks the position of TN1 = 6.6 K.
Appendix B: Muon spin relaxation and rotation
The parameters λ1, A2 and λ2 in Eq. 2 of the main
text are plotted in Figure 7. The A2 term captures a
fast muon relaxation process; it is only detected in the
magnetically ordered region below TN1 and is typically
associated with the incoherent muon precession about
the magnetic fields perpendicular to its spin polarization
[20]. Based on the powder average, the effective volume
of the muon stopping environment responsible for this
fast relaxation is V1 =
1.5×A2
ATot
[20]; ATot = 0.2224(3) is
the total asymmetry of the sample and has been deter-
mined from the measurements above Tm (see the main
text). To better determine this value, we performed ad-
ditional fitting to the µSR spectra below 2.8 K. Here,
we have assumed that A1 and A2 in Eq. 2 are tempera-
ture independent because the magnetic structure is fully
stabilized in this region (see the discussion in the main
text). As demonstrated in Fig. 7, this approximation
significantly reduces the errors of the parameters. V1 is
69(3) %. Based on this value, the magnetic fluctuations
described by the A2 term must come from the k1 phase
because it is the majority [13]. Correspondingly, the ef-
fective volume of the k2 phase is 30(3) %.
Appendix C: Magnetization versus Temperature
The magnetic susceptibility (χ) of γCVO has been
measured as a function of temperature at 0.01 T. As
shown in Fig. 8a, the broad peak in χ is centered at
7.5 K; this value matches TN2 extracted from the µSR
measurements (see the discussion in the main text). We
have also plotted out the 1/χ versus temperature curve
in Fig. 8b. A Curie-Weiss (CW) fit has been performed
on the data points between 350 K and 400 K, which pro-
duces a positive Weiss temperature of about 14.5 K. This
agrees with the dominant ferromagnetic intrachain spin
exchange interactions in γCVO [16]. Moreover, a devia-
tion from the CW behaviour is evident above 250 K.
FIG. 8. (a) Magnetic susceptibility (χ) as a function of tem-
perature of γCVO measured at 0.01 T and below 12.5 K. The
red and blue solid lines mark the positions of TN1 = 6.6 K and
TN2 = 7.5 K, respectively. (b) Inverse χ versus temperature
curve up to 400 K. The orange solid line is the Curie-Weiss
fit based on the data points between 350 K and 400 K.
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